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Abstract 

The magnetic field dependence of the magnetization was measured above the superconducting 
transition in a high-Tc underdoped cuprate (Lai.gSro.iCuO^) and in a low-Tc alloy (Pb^ln^). 
Near the superconducting transition [typically for (T — Tc)/Tc ^ 5 x 10~ 2 ] and under low applied 
magnetic field amplitudes [typically for H/Hc2(ty ~ 1CT 2 , where i?c2(0) is the corresponding 
upper critical field extrapolated to T = K] the magnetization of both samples presents a diamag- 
netic contribution much larger than the one predicted by the Gaussian Ginzburg-Landau (GGL) 
approach for superconducting fluctuations. These anomalies have been already observed in cuprate 
compounds by various groups and attributed to intrinsic effects associated with the nature of these 
high-Tc superconductors itself. However, we will see here that our results in both high- and low-Tc 
superconductors may be explained quantitatively, and consistently with the GGL behavior observed 
at higher fields, by just taking into account the presence in the samples of a uniform distribution 
of Tc inhomogeneities. These Tq inhomogeneities, which may be in turn associated with chemical 
inhomogeneities, were estimated from independent measurements of the temperature dependence 
of the field-cooled magnetic susceptibility under low applied magnetic fields. These conclusions 
are further confirmed by some additional low field magnetization measurements in a Pbg2ln§ alloy 
and in pure Pb. The results summarized here also fully confirm the intrinsic character of our pre- 
vious measurements of the fluctuation induced diamagnetism in Lai.gSro.iCu04 under moderate 
magnetic field amplitudes (up to H/Hc2 ~ 0.2) as well as the corresponding suggestions that the 
precursor Cooper pairs are not affected by the presence of a pseudogap in the normal state in this 
underdoped cuprate. 

PACS numbers: 74.40. +k, 74.25.Ha, 74.72.Dn, 74.81. -g 
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I. INTRODUCTION 



The normal state magnetization near any superconducting transition will decrease due 
to the presence of fluctuating Cooper pairs created by the unavoidable thermal agitation 
energy— This effect, called precursor (or fluctuation induced) diamagnetism, was predicted 
by Schmidt 2 and Schmid 3 and first observed by Tinkham and co-workers in low critical 
temperature, Tc, superconductors.—^ Since then, the precursor diamagnetism above Tc was 
measured in different low- and high-Tc superconductors.— i 5 i 6 i 7 i 8 i 9 i 10 Not too close to Tc, 
above the so-called Levanyuk-Ginzburg reduced temperature, and under low or moderate 
magnetic field amplitudes [for H well below if(7 2 (0), the upper critical field extrapolated at 
T = OK], these different measurements have been explained at a quantitative level in terms 
of different versions (adapted to the material structure and its spatial dimensionality) of the 
mean field Ginzburg-Landau approach with Gaussian fluctuations of the superconducting 
order parameter (GGL approach) . 1 i 4 i 5 i 6 i 7 i 8 More recently, the agreement between the GGL- 
like approaches and the experimental results in low- and high-Tc superconductors have been 
extended to the high reduced temperature region, above t = T/T c ~ 1.1, by empirically 
introducing a so-called total energy cutoff, which takes into account the limits imposed by 
the uncertainty principle to the shrinkage of the superconducting wave function when the 
reduced temperature or the reduced applied magnetic field increases.— Although the GGL 
approach does not formally apply at high reduced temperatures or magnetic fields,- 1 this 
quantum constraint is expected to be very general and it leads to the absence of fluctuating 
Cooper pairs, and then of the corresponding fluctuation diamagnetism, above t ~ 1.7, but 
also for reduced magnetic fields, h = H/Hc2{fy, above h « 1.1. These last predictions were 
confirmed by measurements of the precursor diamagnetism and of the paraconductivity in 
different low- and high-T^ superconductors, including underdoped cuprates.— i 9 i 10 i n i 12 i 13 i 14 

Although for high reduced fields and temperatures the extended GGL approach summa- 
rized above is still an open issue, the conventional approach is widely believed to be applica- 
ble under low reduced fields and temperatures, and in absence of nonlocal effects.-^iMi^iL^ 
However, recent measurements of the precursor diamagnetism performed under very low 
reduced magnetic fields (h < 1CT 2 ) in various high temperature cuprate superconductors, 
very in particular in some underdoped materials, seem to be beyond that conventional 
scenario : 15 i 16 i 17 i 18 the measured amplitude is orders of magnitude bigger than the one pre- 
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dieted by the GGL-like approaches and also, in some cases, these effects are appreciable at 
reduced temperatures well above t ~ 1.7. Moreover, in some cases the magnetization versus 
magnetic field presents an upturn at very low fields. Enhanced precursor diamagnetism 
has been also observed under high fields, which is being related to the large Nernst signal 
observed above T c in high-T^ superconductors.—^ These results seem to extend to the 
precursor diamagnetism the magnetization anomalies earlier observed below Tc{H) in var- 
ious high-Tc cuprate superconductors 2 ^ and they could also be related to other anomalous 
phenomena around Tq in cuprate superconductor films, as the giant proximity effect or the 
diamagnetic domains observed well above Tc . 22]23 The interest of these striking experimental 
results on the precursor diamagnetism is also enhanced by the fact that they are being re- 
lated to two of the at present most debated issues (entangled, in some scenarios) of the high 
temperature cuprate superconductors: The existence of intrinsic electronic inhomogeneities 
at different length scales 2 ^ and the existence of a wide temperature region above the mea- 
sured Tc (up to the pseudogap temperature, in underdoped materials) where the long-range 
phase order will be destroyed by phase fluctuations.^ In fact, the anomalies observed in 
the precursor diamagnetism in cuprates are being proposed as experimental evidences of the 
relevance of these issues in cuprate superconductors . 15ll6ll7ll8ll9l2 ° l26127128129 

Another possible cause of at least some of the magnetization anomalies measured and 
studied theoretically in the works summarized above can be, however, the presence of con- 
ventional Tq inhomogeneities, just associated with chemical and structural inhomogeneities. 
In fact, the complex chemistry of the high-Tc cuprate superconductors makes that even 
the best available single crystals are usually not free of inhomogeneities at different length 
scales and with different spatial distributions.— In addition, some of the anomalies observed 
in other properties around Tc(H) in cuprate superconductors, very in particular in the mag- 
netoresistivity and in the thermopower, initially attributed to different intrinsic effects, were 
later successfully explained in terms of Tc inhomogeneities associated with chemical inho- 
mogeneities at long length scales [much bigger than the superconducting coherence length 
amplitude, £(0)]. 31 Moreover, in both the low-T^ alloys and high-Tc cuprate superconduc- 
tors, the nonstoichiometric nature of the samples could lead to the presence of unavoidable 
chemical, intrinsiclike, inhomogeneities.— 

To provide a first example of the possible interplay between the anomalous precursor 
diamagnetism at low field amplitudes in high-T^ superconductors and T c inhomogeneities 
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at long length scales associated with chemical inhomogeneities, in this paper we are going 
to study these anomalies in an underdoped cuprate, the Lai.gSr .iCuO4 (hereafter called 
LSCO). For that, we will first present detailed measurements of the magnetization versus 
the applied magnetic field curves for temperatures near the transition. At low reduced 
temperatures, typically below t — 1 ~ 5 x 10~ 2 , these M(H)t curves show an anomalous 
behavior when the reduced field becomes below typically h ~ 10~ 2 : at these reduced fields 
the M(H)t curves show an upturn and the corresponding precursor diamagnetism amplitude 
takes values orders of magnitude larger than the one predicted by the GGL approach. These 
anomalies, which have been already reported for the same compound by Lascialfari and co 
workers,— disappear at higher reduced fields and/or temperatures, where the data become in 
excellent agreement with our previous measurements and with the extended GGL approach.— 
We will complement these measurements by checking if similar magnetization anomalies 
appear also in conventional (singlet s-wave pairing) BCS low-Tc superconducting alloys 
when the samples also have a wide transition due to the unambiguous presence of chemical 
inhomogeneities. For that, we will present here measurements of the precursor diamagnetism 
in a somewhat inhomogeneous Pbssh^s alloy, which demonstrate the presence of similar 
anomalies for equivalent reduced magnetic fields and temperatures. We also show that 
these anomalies are significantly reduced in a more homogeneous Pbg2lng alloy, and absent 
in pure Pb. 

In the second part of this paper, we will analyze these magnetization anomalies in the 
LSCO and the Pb-In superconductors in terms of Tc inhomogeneities by using a simple 
model similar to the one proposed a long time ago by Maza and Vidal^ 3 - to study the anoma- 
lous behavior of other observables . 31l33lS4 These analyses show that it is possible to explain at 
a quantitative level, and consistently with the conventional GGL behavior observed at higher 
reduced fields and/or temperatures, the anomalous precursor diamagnetism observed at low 
reduced fields by just taking into account the existence of T c inhomogeneities at long length 
scales (that, therefore, do not affect directly the intrinsic superconducting fluctuations) and 
uniformly distributed in the samples. These Tc inhomogeneities follow a Gaussian distribu- 
tion characterized by a mean transition temperature, Tc, and a transition width, ATc, that 
may be estimated from independent measurements of the field-cooled magnetization under 
low fields. 
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II. EXPERIMENTAL DETAILS AND RESULTS 



The LSCO sample used in the experiments was a composite made of 5-10 jim. grains 
embedded into a low-magnetic-susceptibility epoxy (EPOTEK-301) with their c crystallo- 
graphic axis aligned. The Pb-In samples were cylinders of ~5 mm in diameter and ~5 
mm in height. The details of their fabrication and of their general characterization may be 



found in Refs. 



35 and 



36l . and in the references therein. Their critical temperatures 
were determined from measurements of the field-cooled (FC) magnetic susceptibility x FC 
versus temperature, obtained with an external magnetic field of ~0.1 mT. These measure- 
ments, as well as the other magnetization measurements presented here, were performed 
with a SQUID magnetometer (Quantum Design, model MPMS). An example of the result- 
ing x FC (T), corresponding to the LSCO and the Pb55ln 45 samples is presented in Fig. [TJ 
These measurements are already corrected for demagnetizing effects and normalized to the 
ideal value of —1. As may be clearly seen, both superconducting transitions are somewhat 
broadened. The mean transition temperatures T c were estimated from the maximum of 
the dx FC {T)/dT curves (solid lines in Fig. [IJ, while the transition widths ATc were esti- 
mated from the corresponding full width at half-maximum. These Tc and ATc values are 
compiled in Table I. The observed transition broadening is in part due to extrinsic effects 
like the use in the measurements of a finite magnetic field, or finite size effects (in the case 
of the granular LSCO sample). However, these effects can explain only ~ 20% of the ATc 
value for the LSCO sample, and ~ 30% in the case of the Pb55ln 45 sample.— Thus, we 
attribute the remaining part to Tc inhomogeneities. The relative spatial variations in the 
Sr and In concentrations needed to justify these ATc values are, respectively, ~ 3% and 
~ 6%, which are very difficult to be detected by standard characterization methods. Other 
superconducting parameters related to the analysis of the thermal fluctuations like i?c2(0) 
and the Ginzburg-Landau parameter k, were obtained in Refs. I9II12I and 38, and are also 
compiled in Table I. 

In Figs. Efa) andEfb) we present the as- measured magnetization versus applied magnetic 
field at a few temperatures near Tc, for both samples studied. For the LSCO sample, the 
magnetic field was applied perpendicular to the Cu02 planes. These measurements were 
performed by first zero-field cooling (ZFC) the samples to the desired temperature and then 
taking data points for increasing magnetic fields. Before each M(H) measurement, any 
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environmental magnetic field or the coil's remnant magnetic field were characterized and 
compensated. For that, we took advantage of the linear if-dependence of M in the Meissner 
region for temperatures well below-T^ (safe from the possible effect of Tc inhomogeneities). 
In the insets of Fig. 2 it is presented an overview for h up to ~ 0.05. As it is clearly 
seen, the magnetization is linear in a wide region. This behavior is compatible with the 
linear magnetic field dependences of the contributions to the magnetization coming from 
the samples' normal state, from the sample holder, from the low-susceptibility epoxy (in the 
case of the LSCO sample), and also from the superconducting fluctuations in the low field 
limit. However, for reduced fields below ~ 10~ 2 it is observed a marked deviation of the 
linearity in the form of a sharp diamagnetic peak. This anomaly is progressively reduced 
by increasing the temperature above Tc and, as commented above, is similar to the one 
16 in oriented powders of underdoped Y 1 _ a ,Ca x Ba 2 Cu30„, and in Ref. [l?] 



observed in Ref. 



also in a Lai.gSro.iCuO^ single crystal. It is remarkable that in spite of the big differences 
between the LSCO and Pb-In characteristics (see Table I), this anomaly is qualitatively 
similar in both samples, which suggests a common origin in terms of Tc inhomogeneities. 

To check this last proposal, we have performed additional measurements in a more ho- 
mogeneous alloy (Pb 9 2ln 8 ), and in pure Pb (Goodfellow, 99.9999% purity). In Fig. El we 
compare the low-field M(H) behavior in these two last samples with the one in Pb55ln 45 . 
These measurements were performed for the three samples 0.03±0.01 K above the corre- 
sponding Tc- The transition widths for these three samples are shown in the inset. Although 
the results may be somewhat affected by the Tc uncertainties, they clearly show at a quali- 
tative level that the reduction of the anomaly amplitude is well correlated with the decrease 
of the transition width, i.e., with the chemical homogeneity improvement. 



III. THE MAGNETIZATION ABOVE THE SUPERCONDUCTING TRANSI- 
TION IN PRESENCE OF T c INHOMOGENEITIES 

To calculate the magnetization above the superconducting transition in presence of Tc- 
inhomogeneities at long length scales, much larger than £(0), we will use a simple approach 
similar to the one already proposed by Maza and Vidal to analyze the transport properties 
around Tc in inhomogeneous superconductors.— In this model the volume fraction of do- 
mains having a critical temperature Tc follows a Gaussian distribution characterized by a 
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mean transition temperature, Tc, and a full width at half maximum, ATc, 



6(T c ,T c ,ATc) 
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where a = 1/2 » 0.60, and T^? ax is the maximum critical temperature of the supercon- 
ducting system studied (7.2 K for the Pb-In alloys, and ~ 39 K for LSCO). The measured 
magnetization is then given by 

(M)= dT c 5{T c ,T c ,ATc)M{T c ), (2) 

Jo 

where M(Tc) represents the intrinsic magnetization of an homogeneous superconducting 
domain having a critical temperature Tc- The H dependence of Tc may be taken into 
account through Tc{H) = Tc[l — H / Hc2{0)] where, for simplicity, we have assumed that 
the ifc2(0) value is not appreciably affected by the inhomogeneities. 

An schematic representation of this simple approach may be seen in Fig. Ufa). The dashed 
areas represent the indetermination in the lower critical field, Hci(T), and in if<7 2 (T) due 
to the Tc distribution [represented in Fig. Etb)]. When measuring the magnetization as a 
function of the magnetic field at temperatures slightly above Tc, the M(H)t curves will 
penetrate the dashed areas at low fields and they will be then affected by a full supercon- 
ducting contribution giving rise to the anomalous diamagnetic peak. Roughly, for T ~ Tc 
the diamagnetic peak will appear for a magnetic field close to Hci(0)ATc/Tc, which is 
~ 0.35 mT for the Pb55ln 45 , and ~ 1.5 mT for the LSCO sample, in agreement with the 
results of Figs. |2fa,b). For a more thorough comparison of the inhomogeneity model with 
the experimental data, the temperature and magnetic field dependence of M(Tc) in Eq. 121 
has to be estimated. This is the task of the two following sections. 



A. Intrinsic M(T, H, Tc) response of Pbssl^s 

The intrinsic behavior of the magnetization for T < Tc{H) was obtained from measure- 
ments at some constant temperatures well below Tc (see Fig. |3j). These measurements, like 
the ones in Fig. El were obtained under ZFC conditions and with increasing magnetic fields. 
As the temperatures used in these experiments are farther from Tc than ATc, the effect of 
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the inhomogeneities is expected to be negligible and we will consider these measurements as 
the intrinsic ones corresponding to a critical temperature given by Tq- The magnetization 
and the magnetic field in Fig. 03 are presented in the reduced coordinates m = M/Hc^i®) 
and h, and scaled by the term 1 — t. This scaling may be justified if the GL parameter 
is almost temperature independent (see the next section), as it is the case for the Pb-In 
alloys studied here.— As may be clearly seen, the measurements corresponding to different 
temperatures fall into a universal curve, y = f(x) which, once parametrized, may be used 
to obtain the m dependence on t and h in the mixed state through 

m=(l-t)f^y (3) 

In the normal state, i.e., for T > Tc{H) the only superconducting contribution is the 
one due to the thermal fluctuations. For isotropic superconductors (like the Pb-In alloys) 
the GGL approach in the zero magnetic field limit [i.e., for H <C Hc2{fy] and under a total 
energy cutoff leads to*^ 

fi k B Tl;(0) I arctan a/(c — t + l)/(t — 1) arctan ^{c — t+ l)/c \ 

m= \ vr^r )' () 

where fio is the vacuum magnetic permeability, k B the Boltzmann constant, 0o the flux 
quantum, and c ~ 0.6 is the cutoff constant.^^ The magnetization under finite magnetic 
fields may be approximated by just introducing in Eq.(4) the critical temperature depen- 
dence on H through the substitution Tc — > Tc{H) = Tc[l — H/Ho2(0)], or equivalently 

The magnetization given by Eqs. (4) and (5) presents an unphysical divergence at Tc{H) 
which is a consequence of the use of the Gaussian approximation in the GL theory. This was 
solved by cutting off the magnetization to its value at the Levanyuk-Ginzburg temperature 
^lg above which the Gaussian approximation is expected to be adequate.— In the case of 
Pb-In, t LG w 1 + 10" 4 . 

Finally, to the above superconducting contributions to the magnetization we added the 
normal-state or background contribution (mg ~ —1.28 x I0~ 5 h) which was obtained from 
measurements carried out at magnetic fields much larger than Hc2(Q), where the effect of 
the fluctuations is negligible. 
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B. Intrinsic M(T, H, Tc) response of the LSCO sample 



In the case of LSCO, the very high upper critical magnetic field does not allow a direct 
measurement of the M(H) curve for temperatures well below Tq. To avoid this difficulty, 
we have approximated it by its theoretical reversible magnetization.^ We distinguish three 
zones separated by the upper and lower critical magnetic field versus temperature lines: 

(i) In the Meissner region, i.e., for H < Hqi(T) the magnetization may be expressed in 
reduced coordinates through 

m = ~Y^D" ^ 
where D is the demagnetizing factor. As the grains in the sample are roughly spherical, we 
took D pa 1/3 so that m ~ —1.5h. 

(ii) In the mixed state, i.e., for Hci{T) < H < Hq2(T), if H > Q.?>Hc2(T) the reversible 
magnetization is given by the Abrikosov expression, that may be expressed as 

m = h ' 1 + t (7) 

where (3a = 116 for a triangular vortex lattice. If H < 0.3Hq2(T), it may be approximated 
by the London equation, that may be expressed as 

where a ~ 0.77 and i] pa 1.44.— Due to the high anisotropy and the relatively high critical 
temperature of LSCO, thermal fluctuation effects are observable in the mixed state magne- 
tization, mainly near the Hq2{T) line.— However, as an approximation, we will neglect that 
contribution and use Eqs. (7) and (8) as representative of the mixed state of this compound. 

In the inset of Fig. 03 it is represented the magnetic field dependence of the magnetization 
below Tq as given by Eqs. (6-8) (in the reduced coordinates m and h, and scaled by 1 — i). 
In this representation the curves corresponding to different reduced temperatures fall into 
a universal curve that depends only on the GL parameter (in this case we used k = 60, see 
Table I). 

(iii) In the region T > Tc{H), the only superconducting contribution is the one coming 
from the evanescent Cooper pairs created by thermal fluctuations. This contribution was 
again estimated through the GGL approach. In the case of highly anisotropic layered su- 
perconductors, for H applied perpendicular to the superconducting Cu0 2 (ab) planes and 
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under a total energy cutoff, this approach leads tc£ 



irn k B Te ab (o) j i i 



30 2 s \t - 1 cj' K ' 

where s = 0.66 nm is the ab planes periodicity length, £ a ft(0) = 3.0 nm the in-plane GL 
coherence length amplitude, and c ~ 0.6 is the cutoff constant.— This equation is valid only 
in the zero- field limit [H <C #02(0)], but again, its validity may be crudely extended to 
finite magnetic fields by just taking into account the Tq dependence on H by replacing t by 
t/(l — h). The divergence at Tc(H) was also avoided by cutting off the magnetization to its 
value at the Levanyuk-Ginzburg temperature, which for LSCO is around t^Q ~ 1+3 x 10 -2 .— 
Finally, the normal-state or background contribution (tub ~ —6.4 x 10~ 5 /i) was obtained 
from measurements carried out at temperatures well above Tq, where the effect of the 
fluctuations is negligible. 



IV. DATA ANALYSIS 

In Figs. |2(c) and 12(d) we present the results of our model of Tc inhomogeneities for 
the magnetic field dependence of the magnetization near the average critical temperature. 
These curves were obtained by fitting Eq.(2) to the data of Figs. 12(a) and [2(b), by using the 
intrinsic magnetization curves for LSCO and Pb-In obtained in the precedent section. The 
only free parameters were the mean critical temperature Tc and the transition width ATc- 
As may be clearly seen, in spite of its simplicity, this model reproduces quantitatively and 
consistently the low-field diamagnetic anomaly observed in both samples in isotherms close 
to T C - It also reproduces its reduction (and even its disappearance) at higher temperatures. 
The resulting Tc and ATc values (indicated in the figures) are in good agreement with the 
low-field x FC (T) measurements presented in Fig. ^ The root mean square, rms, relative 
deviation with respect to the experimental data points are ~ 30% in the case of the Pb-In 
alloy, and ~ 15% for the LSCO sample. In the case of LSCO, the use of a different intrinsic 
magnetization curve within the uncertainty in k (~ 20%) or in Hci (~ 30%) could change 
the resulting Tc and ATc values within ±3% and ±10%, respectively. However, the rms 
relative deviation of the Tc-inhomogeneities model with respect to the experimental data 
would remain below ~ 20%. 

Let us remark that the temperature dependence of the magnetic field at which the dia- 
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magnetic peak occurs, i? pea k, is very well described by just taking into account the Tc 
inhomogeneities. This conclusion probably applies also to the previous measurements of 



Lascialfari et al. (Ref. Il7n in a Lai.gSr .iCuO4 single crystal.— Other features of the dia- 
magnetic anomalies, like the irreversibility observed in the M(H)t curves for magnetic fields 
near H peak ^ may also be accounted for by the presence of T c inhomogeneities by just taking 
into account the irreversibility of the mixed state magnetization. 

Although our present paper is centered on the magnetic field behavior of M, the influence 
of the Tc inhomogeneities on the reduced temperature dependence of the fluctuation induced 
magnetization AM is illustrated in Fig. |H1 In the upper panel we present an example of 
AM/ H [for convenience over T, see Eq. (9)] against t—1 = T/Tc — 1, for different ATc/Tc 
values. These curves were calculated by using the Tc-inhomogeneities model [Eq.(2)] with 
the superconducting parameters adequate for LSCO, and in the h — > limit. As expected, 
the reduced temperature above which the effect of the Tc inhomogeneities is negligible 
is given by t - 1 ~ 2AT C /T C (i.e., by T « T c + 2AT C ). By using AT C /T C « 0.11, as 
corresponds to our LSCO sample, the experimental window for the analysis of the fluctuation 
effects when h — > would be reduced to t — 1 > 0.22. This situation changes drastically 
in presence of a finite magnetic field, as shown in Fig. HJb), where —AM/HT is plotted 
against t(h) — 1 for different /i-values and for ATc/Tq = 0.11. The use in this figure of 
an ^.-dependent reduced temperature compensates the T c shift due to the applied magnetic 
field, and the differences between the different curves are just due to the Tc inhomogeneities. 
As may be clearly seen, an increasing magnetic field reduces progressively the effect of the 
Tq inhomogeneities so that for h as low as ~ 2 x 10~ 2 the differences with respect to the 
"homogeneous" curve fall below 30% in all the accesible reduced temperature region. This 
result validates the earlier analyses on the fluctuation effects in LSCO for finite applied 
magnetic fields presented in Ref. 0. Also, it illustrates the difficulties that may arise when 
studying fluctuation effects at low reduced temperatures and, simultaneously, low reduced 
magnetic fields. 

V. CONCLUSIONS 

We have presented measurements of the magnetization versus magnetic field for tem- 
peratures just above the superconducting transition in a high- Tc underdoped cuprate 
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(Lai.gSro.iCuOzi) and in a low- Tc alloy (Pb55ln 45 ). Near the superconducting transition (for 
t — 1 < 10~ 2 ) and under low field amplitudes, i.e., for h < 10~ 2 , the M(H)t curves present 
an anomalous diamagnetic contribution that cannot be explained in terms of the GGL ap- 
proach for thermal fluctuations in homogeneous superconductors. This anomaly disappears 
at higher reduced magnetic fields, and the fluctuation induced magnetization turns out to 
be in excellent agreement with the GGL approach. Enhanced diamagnetism has been previ- 
ously observed by other groups in different underdoped HTSC . 15 i 16 ' 17 ' 18 Our measurements 
were quantitatively and consistently explained by a simple model of Tc inhomogeneities at 
length scales much bigger than £(0) and uniformly distributed. These inhomogeneities are 
expected to come from spatial variations in the concentration of La and Sr in the LSCO 
sample, and of the two constituents in the Pb-In alloys. In our model, the inhomogeneities 
follow a Gaussian distribution characterized by a mean transition temperature Tq< and a 
transition width AT C . We found that the AT C and T c values needed to explain the ob- 
served anomalies are in excellent agreement with the ones obtained from the temperature 
dependence of the field cooled magnetic susceptibility around Tc under low applied magnetic 
fields. The associated local variations in the Sr and In concentrations are as low as ~ 3% 
and ~ 6% respectively, difficult to be detected by standard characterization methods. A 
direct and unambiguous way to probe the relation between chemical inhomogeneities and 
low-field anomalies is to perform new measurements after an appreciable change of these 
inhomogeneities.— In the case of underdoped LSCO, the strong Tc-dependence on the Sr 
concentration prevented us to obtain samples of the same nominal composition but with 
sharper transitions. However, in the case of the Pb-In alloys, we have checked that the low- 
field anomalies are significantly reduced in a more homogeneous Pbg2ln 8 alloy, and they are 
completely absent in pure Pb. These results fully confirm our present experimental results 
and interpretations. 

The results presented here do not definitively exclude a possible explanation in terms 
of some of the intrinsic mechanisms proposed by other authors for the enhanced fluc- 
tuation diamagnetism observed in different cuprate superconductors under low reduced 
temperatures and magnetic fields . 15 i 16 i 17 i 18 i 26 i 27 i 28 i 29 However, the observation of similar 
anomalies in slightly inhomogeneous conventional (singlet s-wave pairing) BCS low-T^ 
superconducting alloys at least weakens these proposals. Complementarily, the results 
presented in this paper provide an important check of our previous conclusions for the 
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underdoped LSCO studied here:— In all the h — t region no too close to the superconducting 
transition, the measured precursor diamagnetism is explained at a quantitative level by 
the GGL approach, empirically extended to high reduced temperatures by introducing a 
"total energy" cutoff . 6 ! 10 ' 11 ' 12 These conclusions suggest that the precursor diamagnetism is 
not affected by the presence of a pseudogap in the normal state, in agreement with recent 
paraconductivity measurements in cuprates with different doping levels . 13 4 4 However, new 
measurements of AM(T, H) in these cuprates will be desirable to confirm the generality of 
these last conclusions. 
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FIG. 1: FC magnetic susceptibility as a function of the temperature in Pbs5ln45 (a) and 
Lai.gSro.iCuO"4 (b), obtained with an applied magnetic field of 0.1 mT. Tc and ATc were esti- 
mated as the maximum position and, respectively, the full width at half maximum of the dx F jdT 
curves (represented as solid lines in arbitrary units). 
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FIG. 2: Magnetic field dependence of the as-measured magnetization for different temperatures 
near Tq in Pb55in45 (a) and Lai.gSro.iCuO^ (b). The diamagnetic anomaly is clearly seen at very 
low magnetic field amplitudes. In the overview presented in the insets it is clearly seen that at 
higher magnetic fields the magnetization recovers the expected linear behavior (see the main text 
for details). For clarity, the curves fitted to these data points from the inhomogeneities model 
[Eq.(2)] are shown in separated figures [(c) and (d)]. The values obtained for the fitting free 
parameters (Tc and ATc, indicated in the figure) are in good agreement with those extracted 
from the low-field % (T) measurements presented in Fig. ^(see Table I). 
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FIG. 3: Magnetic field dependence in the very low field range of the magnetization in Pb^ln^, 
Pbg2lns, and in pure Pb. The three curves were measured 0.03 ± 0.01 K above the corresponding 
Tc- The respective Tc and ATc are summarized in Table I. The alloys present a diamagnetic 
anomaly, which is absent in pure Pb. In the inset, it is represented the normalized x FC as a 
function of T — Tq, to show the broadening of the transition in each sample. 
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FIG. 4: (a) Schematic phase diagram for an inhomogeneous sample with a Tq distribution like the 
one shown in (b). The dashed areas represent the broadening of the Hqi(T) and Hc2(T) lines due 
to the Tq distribution. At low field amplitudes, and near Tq, the M(H)t curves (like the ones in 
Fig. HI (a) and (b)) will be affected by a mixed state contribution in the dashed area, and even by 
a full diamagnetic contribution in the crossed area. 
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FIG. 5: Magnetic field dependence of the magnetization of PD55I1145 (in reduced coordinates) for 
temperatures well below Tc- These measurements were obtained under ZFC conditions and with 
increasing magnetic fields. The use of these reduced coordinates collapse the curves corresponding 
to different temperatures (see the main text for details). In the inset, the curve for Lai.gSro.iCuO^ 
was calculated from Eqs. (6) to (8) by using k = 60. 
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FIG. 6: Example, corresponding to Lai.gSro.iCuO^ of the reduced temperature dependence of the 
fluctuation- induced magnetic susceptibility (over T) above Tq- These curves were calculated by 
using the Tq inhomogeneities model in different situations: The curves in (a) correspond to the 
h — > limit and different ATq/Tc values. The ones in (b) were obtained by using the ATc/Tc 
value corresponding to our Lai.gSro.iCuC^ sample and different h values. As may be clearly seen, 
an applied magnetic field as low as h w 2 x 10~ 2 quenches the effect of the Tc inhomogeneities 
even for temperatures very close to Tc(h) (see the main text for details). 
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TABLE I: Main superconducting parameters for the samples studied. Tq and ATq were obtained 
from low- field x (T) measurements (see Fig. ^and inset of Fig. I2J). In the case of Pb and the 
Pb-In alloys, the critical fields and k were obtained from M(H) measurements below Tjgj 12 i 39 In 
the case of LSCO, i/c2(0) comes from the analysis of the superconducting fluctuations above Tc, 9 
and Hci(0) from M(H) measurements below-Tc, 3S 



Sample 


T c 


AT C 


Mo#ci(0) 




Mo#c(0) 
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(mT) 
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Lai.gSro.iCu04 


26.3 


2.75 


16 


26.2 
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Pb 55 In4 5 


6.47 
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38 a 
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Pb 92 In 8 
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2.1 


Pb 


7.17 


0.01 
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"Obtained from the relation H C i(0) = #C2(0) In k/2k 2 . 
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